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 CHAPTER 3. TOXICOKINETICS, SUSCEPTIBLE 
POPULATIONS, BIOMARKERS, CHEMICAL 

INTERACTIONS 
3.1 TOXICOKINETICS 

3.1.1 Absorption 

There are no quantitative data regarding the extent of uptake of nitrobenzene by humans after an oral 

exposure; however, case reports of human poisoning provide indirect evidence of oral absorption. Myslak 

et al. (1971) reported symptoms of poisoning in a 19-year-old female about 30 minutes after ingesting 

about 50 mL of nitrobenzene. Detection of the presence of high levels of metabolites of nitrobenzene, p-

amino- and p-nitrophenol, in patient’s urine (see section 3.3.1) demonstrates absorption from the 

gastrointestinal tract (Myslak et al. 1971). Martinez et al. (2003) reported a fatal case of severe 

methemoglobinemia (70%) observed in an 82-year-old male who had ingested about 250 mL of 

nitrobenzene in the previous 24 h. Forty-eight hours after ingestion, a blood sample was collected, and 3.2 

pg/mL of nitrobenzene was detected (Martínez et al. 2003). Patel et al. (2008) reported a case of 

extremely high levels of methemoglobin (MetHb) (66.7%) in a 20-year-old male 16 h after ingesting 

about 75 mL nitrobenzene. The authors described administering methylene blue (100 mg via an I.V) but 

metHb rose again 18 hours after administration. The authors suggested this may be due to the release of 

nitrobenzene from adipose tissue.  

Another case of recurrent methemoglobinemia was reported in a 25-year-old female on days 3 and 5 after 

ingestion of 100 mL of 22% nitrobenzene. Initial metHb levels were 81% by Perera et al. (2009) the time 

course of metHb levels from this case are presented in Figure 3-1. The authors speculated that due to 

massive ingestion of nitrobenzene, metabolism of the parent compound and its active metabolites was 

saturated. This may have led to prolonged exposure to the active metabolite (Perera et al. 2009).  

Available in vivo and in vitro evidence suggests extensive intestinal absorption of nitrobenzene in 

experimental animals. Rickert et al. (1983) administered single oral doses of 22.5 or 225 mg/kg [14C]-

labeled nitrobenzene to male F344 (CDF[F344]/CrlBR), Sprague-Dawley (Crl:CD[SD]BR), and male 

B6C3F1 (B6C3F1/Crl/BR) mice (225 mg/kg only). A significant absorption of nitrobenzene from the 

gastrointestinal tract appeared in Fischer-344 and Sprague-Dawley rats with the recovery of 72- 88% in 

72 h, and lesser in B6C3F1 mice with 54% in urine. Six metabolites were found in the bile. The authors 

also examined the role of bacterial gastrointestinal nitroreductases in absorption of nitrobenzene. This was 

done by using axenic (bacteria-free) CDF(F344)/CrlGN rats given similar doses of [14C]-nitrobenzene. By 

comparing the difference in absorption with conventional animal the authors concluded that the 
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metabolites produced through nitro-reduction in conventional rats were initiated in the intestines, based 

on their observation of the absence of the nitrobenzene metabolites in the bile of axenic rats (Rickert et al. 

1983).  

Figure 3-1. Methemoglobin Concentration Following Nitrobenzene Poisoning.  

 

MB = Methylene Blue, Hb = hemoglobin (g/L), Concentration (%) = Methemoglobin (%), ET= Exchange Transfusion 
Source: Perera et al. 2009 
 
Albrecht and Neumann (1985) also provide evidence of absorption after oral administration of [14C]-

nitrobenzene (25 mg/kg) in female Wistar rats. Within a week after administration, 80% of radioactivity 

dose was recovered from the body, through urine (65%) and feces (15%). This indicates significant 

absorption of nitrobenzene from the gastrointestinal tract (Albrecht and Neumann 1985). Parke (1956), 

using oral administration of 250 mg/kg [14C]-nitrobenzene in rabbits, recovered 78% of administered 

[14C]-nitrobenzene 8 days after dosing in exhaled air (1.6%), urine (58%), and feces (11.3%) (Parke 

1956) (detailed information is in section 3.1.4). Quantitatively, the available experimental animal studies 

indicate gastrointestinal tract absorption of orally administered nitrobenzene of over 60%.  

An in vitro study used brush border membrane vesicles isolated from the small intestines of Sprague-

Dawley rats to examine the nitrobenzene absorption (Alcorn et al. 1991). Brush border membrane 

vesicles isolated from human intestinal epithelial cells are purified and used to evaluate drugs and their 

toxicokinetics for intestinal transport studies (Patel and Misra 2011). Since nitrobenzene was well 

absorbed by all segments (i.e., proximal third, middle third, and distal third) of the small intestine, the 
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compound’s lipophilicity and lipid composition of gut membrane were suggested to be the main 

determinants of the absorption (Alcorn et al. 1991).  

In humans, nitrobenzene was well absorbed through the lung, with quantitative estimates of 

nitrobenzene’s pulmonary absorption available from some clinical studies. During a 6-hour exposure of 

seven human research subjects (adult males, age unstated) to nitrobenzene (5–30 μg/L; 1–6 ppm) found 

absorption to average 80%, varying from a mean value of 87% in the first hour to 73% in the sixth hour 

(Salmowa et al. 1963). The efficiency of uptake was dose dependent and showed considerable individual 

variation (Salmowa et al. 1963). Piotrowski (1967) also estimated about 80% pulmonary absorption in 

four adult male volunteers (age unstated) exposed to a range of nitrobenzene concentrations in air (5–30 

μg/L; 1–6 ppm) 6 hours daily for 4-7 days. Beauchamp Jr. et al. (1982) estimated that 18.2–24.7 mg of 

nitrobenzene would absorb through the lungs of humans exposed to an airborne nitrobenzene 

concentration of 10 mg/m3 

for 6 hours (Beauchamp Jr. et al. 1982).  

In animal studies, no quantitative data on absorption of nitrobenzene after inhalation were located. 

However, nitrobenzene appears to be well absorbed through the lung, based on observations of toxic 

responses and pathological findings in treated animals (Medinsky and Irons 1985).  

The toxicokinetics of dermal exposure have not been well studied in animals. 

Nitrobenzene has been found to be capable to penetrate human dermal barrier in several studies. 

Piotrowski (1967) exposed human subjects to nitrobenzene vapor through a chamber for 6 hours, while 

receiving fresh air through a breathing tube and mask. The highly variable (0.23–0.30 mg/hour per μg/L) 

absorption rate of nitrobenzene was dependent on either the nitrobenzene concentration in the chamber 

(5–30 μg/L) or whether the subject was dressed or naked. For instance, naked subjects exposed to a 

chamber concentration of 10 μg/L nitrobenzene had an estimated absorbed dose from 10– 19 mg, while 

wearing normal working clothes reduced absorption of nitrobenzene by 20–30%. The absorption rate of 

vapor through the skin is much less than that of liquid, which can reach about 2 mg /cm2/ hr (Salmowa et 

al. 1963) and the main source of danger in industry is the contamination of skin and clothing with liquid 

(Piotrowski 1967). Feldmann and Maibach (1970) applied 21 [14C]-labeled organic compounds, 

including nitrobenzene, in acetone (4 μg/cm2) as liquid to a 13 cm2 circular area of the ventral forearm 

surface of six human subjects (age and sex not stated). The skin site was not protected and not washed for 

24 hours. For the purpose of skin absorption estimates, the cumulative amounts of radiolabel measured in 

urine over 5 days. The absorption rate of the [14C]-labeled nitrobenzene, estimated as percent dose per 

hour, was the highest (0.022%/hour) in the first 24-hours. The excretion was still measurable 

(0.006%/hour) in the urine between 96 and 120 hours after application, indicating the redistribution of 
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nitrobenzene or its metabolites from adipose tissue rather than continued absorption. The authors 

estimated a factor of 2.6% for dermal absorption (Feldmann and Maibach 1970). 

Bronaugh and Maibach (1985) measured percutaneous absorption of nitrobenzene and other nitroaromatic 

compounds in vivo and in vitro in the humans and monkeys. Rapid penetration was observed with 

maximum absorption occurring in the first few hours in both species. Significant differences in absorption 

were found in different procedures of human study with higher values in vitro (7.8 vs. 1.5%). The relative 

volatility was measured by the loss of compound from applied epidermal discs at various time intervals. 

The greatest loss of the compound occurred in the first minute. The in vivo data shows that percutaneous 

absorption of nitrobenzene was greater in monkeys than in humans. The in vivo and in vitro studies 

suggest a monkey skin as a good model for human skin for percutaneous absorption through their 

comparable absorption rate. In monkeys, 81.4% of dose was excreted as unchanged nitrobenzene in urine 

(Bronaugh and Maibach 1985). Deutsche Forschungsgemeinschaft (DFG) (2012) estimated the 

absorption of 25 mg per day by persons exposed to an air concentration of 1 ml/m3 nitrobenzene at work 

through skin (one third) and inhalation (two thirds) where working week exceeded 40 hours (DFG 2012).  

The toxicokinetics of dermal exposure have not been well studied in animals. 

3.1.2 Distribution 

No studies of the distribution of nitrobenzene or its metabolites after inhalation and dermal exposure by 

humans or animals were found in the literature. Studies of oral exposure indicate wide distribution of 

nitrobenzene in tissues, particularly in fatty tissues, a pattern of distribution likely related to 

nitrobenzene’s lipophilicity. 

Nitrobenzene was found in stomach, liver, brain and blood with the highest concentration in liver (0.124 

mg/kg tissue), and brain (0.164 mg/kg tissue) in autopsies of 5 patients that had died from nitrobenzene 

poisoning (Wirtschafter and Wolpaw 1944). Forty-eight hours after ingestion, 3.2 pg/mL of nitrobenzene 

was still detectable in blood (Martínez et al. 2003) (see section 3.1.1). Delayed rise in the MetHb levels in 

a case of severe methemoglobinemia (67%) after a dose of methylene blue led Patel et al. (2008) to 

suggest possible attribution of the release of nitrobenzene stores from the adipose tissue. The delayed 

release of nitrobenzene from gastrointestinal tract is seen, in addition to stores in the adipose tissue after 

severe poisoning (Gupta et al. 2000).  

Piotrowski (1977) found that the ratio of the concentration of the compound in adipose tissue to that in 

the blood was about 10:1 at an hour after an intravenous dose in rats.  
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Radiolabel studies in experimental animals indicate wide distribution of nitrobenzene and/or its 

metabolites in the body. Freitag et al. (1982) found 0.43% of the radioactive dose in the liver and 2.3% in 

the remaining carcass at necropsy. No radiolabeled nitrobenzene was observed in abdominal adipose 

tissue or in the lungs 8 days after exposure of three male Wistar rats to 1 mg nitrobenzene/kg-body weight 

via stomach tube for three days. Albrecht and Neumann (1985) measured [14C]-nitrobenzene in blood, 

liver, kidney, and lung at the first day and a week after exposure of female Wistar rats to 25 mg/kg (0.20 

mmol/kg) radiolabeled by gavage. Recovery of radioactive label (radioactivity in tissue [pmol/mg]/dose 

[μmol/kg]) from tissues at first day after exposure was as following order: blood (229 ± 48) > kidney (204 

± 27) >> liver (129 ± 9.5) >> lung (62 ± 14). Tissue levels of radioactive label decreased 4 to 5-fold in 

liver and kidney, and ~2-fold in blood and lung (Albrecht and Neumann 1985). Parke (1956) found 

44.5% of radioactivity dose in tissues, i.e., in kidney fat (15.4%), skeletal muscle (12%) and intestinal fat 

(11.6%) (excluding stomach and intestinal contents), in one and a half days after administration of 250 

mg [14C]-nitrobenzene/kg of body weight of a rabbit by stomach tube. In 8 days after dosing, radioactivity 

came down to 7.5%, with the highest levels of 5.4% in fat deposits, consistent with nitrobenzene 

lipophilicity. The amount of nitrobenzene in the blood was not measured.  

Albrecht & Neumann (1985) also reported higher binding affinity of [14C]-nitrobenzene metabolites to 

hemoglobin (Hb) (1.03 ± 0.137 µmol/mg/dose after one day) and plasma proteins (0.136 ± 0.034) 

compared to [14C]-acetanilide (0.177 ± 0.014 in Hb and 0.07 ± 0.007 in plasma proteins). In both cases 

the reactive metabolite was thought to be nitrosobenzene, and aniline was bound to protein sulfhydryls via 

a sulfinic acid amide bond (Albrecht and Neumann 1985). 

Goldstein and Rickert (1984) measured covalent binding of radiolabeled nitrobenzene in male CDF 

(F344)/CrlBR rats and B6C3F1/CrlBR mice fed a single oral dose of 10 or 40 μCi [14C]-nitrobenzene in 

corn oil (doses ranges of 75–300 mg/kg). Both species showed a dose dependent increase in the covalent 

binding of radiolabeled nitrobenzene to red blood cells (RBCs) and spleen proteins, while total and bound 

levels of radiolabeled nitrobenzene were significantly greater in RBCs from rats (6–13 times) at all doses 

(Figure 3-2).  
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Figure 3-2. Time Course of Covalently Bound [14C]-Nitrobenzene in RBCs and 
Spleen of Rats and Mice. 

 

Note: Animals were administered 200 mg/kg [14C]-nitrobenzene and sacrificed at various time points. Each point 
represents the mean ± standard error of the mean of three to four determinations. Statistically significant differences 
between the F344 rat and B6C3F1 mouse were noted at all doses tested. 

Source: Adapted from Goldstein and Rickert 1984 

3.1.3 Metabolism 

Nitrobenzene is metabolized in mammals by both reductive and oxidative pathways. The metabolites of 

nitrobenzene are likely to be associated with many toxicological effects. Reduction of the nitro group 

yields nitrosobenzene, phenylhydroxylamine, and aniline, and was followed by phase II reactions 

involving the replacement of a nitro group by glutathione, and the formation sulfated or glucuronidated 

conjugates. Nitrobenzene is oxidized by either hydroxylation of the benzene ring (usually at positions 3 or 

4) to nitrophenols or after initial nitroreduction of the exocyclic nitro group to the amine by oxidation to 

phenylhydroxylamine. Figure 3-3 shows a schematic of oxidative and reductive metabolisms of 

nitrobenzene (Rickert 1987). 
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Figure 3-3. Outline of the Metabolism of Nitrobenzene: a Substrate for Oxidation 
and Reduction Reactions.  

 

Source: Modified from Rickert 1987 
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Reduction of nitrobenzene to nitroxide intermediates is thought to be primarily mediated by endogenous 

intestinal microbes. Evidence suggests that nitrobenzene reduction to aniline is a result of a three-step, 

two-electrons per-step transfer with the intermediates in this process are nitrosobenzene and 

phenylhydroxylamine (Albrecht and Neumann 1985; Bryant and DeLuca 1991; Reddy et al. 1976) and 

appears to be catalyzed by type I Nitroreductase (also known as nicotine adenine dinucleotide phosphate 

[NADPH] dehydrogenase). Figure 3-4 illustrates the mechanism of the three-step, two-electrons-per-step 

reduction of nitrobenzene in the intestinal microflora.  

Figure 3-4. Mechanism of Bacterial Nitrobenzene Reduction to Aniline. 

 

Source: Adapted from Holder 1999 

Although organ-specific activities have been reported, the intestinal microflora in the small intestines 

expressed the highest enzymatic activity of type I nitroreductase in male Sprague-Dawley rats (Figure 

3-5) (Ask et al. 2004). 
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Figure 3-5. Type I Nitroreductase Activity in Male Sprague-Dawley Rats. 

Source: Adapted from Ask et al. 2004 

Note: Results are expressed as pmol of reduced nilutamide (R-NH2) formed per milligram protein per minute (mean ± 
SEM; n ≥ 4). S.I. = small intestine contents, L.I. = large intestine contents.  

Goldstein et al. (1984) also investigated the role of microflora in metabolism of radiolabeled nitrobenzene 

in vitro and observed metabolites, including aniline, nitrosobenzene, and azoxybenzene, with larger 

amounts in the presence of pectin-enriched gut contents (Table 3-1) (Goldstein et al. 1984). 

Table 3-1. Formation of Metabolites of Nitrobenzene in the Presence of Cecal 

Diet Pectin (%) 
Metabolite formation (percent total radioactivity)a 

Aniline Nitrosobenzene Azoxybenzene Nitrobenzene 
NIH-07 8.4 36 ± 10b 7 ± 0b 7 ± 1b 34 ± 11b 
AIN-76A 5 (added) 11 ± 4 3 ± 2 3 ± 2 78 ± 11 
AIN-76A 0 3 ± 1 0 ± 0 0 ± 0 95 ± 2 

Contents In Vitro: Influence of Diet 

a Values are means ± SEM of four determinations. 
b Significantly different from AIN-76A. 
Source: Goldstein et al. 1984 

To investigate the influence of gut microflora on the metabolism of nitrobenzene in vivo, normal or 

antibiotic-treated male F344 (COBS CDF/CrlBR) rats were kept in metabolic cages for up to 72 hours 

after treatment with 225 mg/kg nitrobenzene (containing 0.1 μCi/mg [14C]-nitrobenzene) by gavage 

(Levin and Dent 1982a). In antibiotic-treated rats, p-hydroxyacetanilide (a reductive metabolite of 

nitrobenzene) significantly decreased, while p- and m-nitrophenol (oxidative metabolites) slightly 

increased versus controls, indicating the antibiotic-induced inhibition of total nitrobenzene metabolism 

(Table 3-2).  
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Table 3-2. Urinary Metabolites of [14C]-Nitrobenzene Excreted Within 72 Hours 
After Gavage 

Metabolite 
Percent of totala 

Control rats Antibiotic-treated rats 
p-Nitrophenol 22.4 ± 0.9 26.5 ± 3.8 
m-Nitrophenol 11.4 ± 0.6 16.1 ± 2.0 
p-Hydroxy-acetanilide 16.2 ± 1.7 0.9 ± 0.0b 
Unidentified peak I 4.5 ± 0.3 5.5 ± 0.9 
Unidentified peak II 3.7 ± 0.6 0.5 ± 0.1b 
Total recovered 58.2 49.5 

aValues are means ± standard deviations for three animals/group. 
bSignificantly different from controls. 
Source: Levin and Dent 1982 

Ample evidence is available on the mechanism of methemoglobinemia caused by the interaction of Hb 

with the products of nitrobenzene reduction (i.e., nitrosobenzene, phenylhydroxylamine, and aniline). 

Earlier evidence suggests that the intestinal microflora in the rat is an important element in the formation 

metHb resulting from nitrobenzene exposure (Reddy et al. 1976). The authors demonstrated that 30–40% 

of the hemoglobin (Hb) in the blood was converted to metHb within 1–2 hours after intraperitoneal (i.p.) 

administration of nitrobenzene (200 mg/kg of body weight in sesame oil) in normal Sprague-Dawley rats, 

in contrast to no measurable metHb formation, even when measured up to 7 hours after treatment of the 

same dose administered to germ-free or antibiotic-pretreated rats. The nitroreductase activity was 

negligible in gut contents from germ-free rats and greatest in control rats, when compared the rate of 

synthesis of aniline in homogenates of liver, kidney, gut wall, and gut contents prepared from various 

treatment animals (Table 3-3). Therefore, metHb formation involves a nitrobenzene metabolite such as 

aniline, which is formed by the bacterial reduction of nitrobenzene in the intestines of rats.  

Table 3-3. Reduction of Nitrobenzene by Various Rat Tissue Homogenates 

Tissue 

Aniline formation (nmol/mg protein/hour)a 

Bacteria-free 
Bacteria-free 

Control 
Liver 2.0 ± 0.2 2.5 ± 0.4 3.3 ± 0.4 
Kidney 0.5 ± 0.1 0.8 ± 0.1 0.7 ± 0.4 
Gut wall 2.0 ± 0.4 2.0 ± 0.6 2.4 ± 1.0 
Gut contents 0.2 ± 0.0 15.2 ± 2.7 11.1 ± 3.3 

(acclimatized) 

aResults are means ± standard error of the means (SEM) of determinations in three animals/group, with all 
determinations in triplicate. 
Source: Reddy et al. 1976 

Facchini and Griffiths (1981) investigated methemoglobinemia-inducing capacity of nitrobenzene in both 

normal and antibiotically pretreated rats in vivo, and in vitro on incubation with rat blood. An in vitro 

incubation of blood with nitrobenzene demonstrated little or no metHb formations (Facchini and Griffiths 

1981). In vivo findings with axenic animals (Table 3-4) confirm the importance of microbial reductive 
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metabolism in the formation of metHb, specifically through the formation of nitrosobenzene, 

phenylhydroxylamine, or aniline. 

Table 3-4. MetHb Formation in the Blood of Rats Dosed Intraperitoneally with 
200 mg/kg Nitrobenzene in Corn Oil 

 

Time after dosing (hours) 
MetHb formation (%)a 

Control rats Antibiotic-treated rats 
1  18.2 ± 5.0  1.7 ± 0.4  

2.5  24.7 ± 4.2  2.1 ± 0.2  
5  32.7 ± 5.0  1.9 ± 0.4  
8  9.9 ± 2.3  0.4 ± 0.1  

aResults are means ± SEM, three animals/group. Source: Facchini and Griffiths 1981 

The nitrobenzene metabolites, nitrosobenzene and phenylhydroxylamine have been found to bind with 

hemoglobin in the blood of orally exposed mice and rats (Goldstein and Rickert 1984) (see section 3.1.2). 

Goldstein et al. (1984b) observed metHb level in blood at 1, 2, 4, 8, and 24 hours after dosing and 

observed levels peaking at the 4-hour time point. In addition, they found metHb levels associated with 

pectin-containing diet in male CDF(F344)/CrlBR rats. Specifically, Goldstein et al. (1984b) pretreated 

male CDF(F344)/CrlBR rats with diets containing pectin (a carbohydrate with nutritional value for 

microflora) or cellulose (a metabolically inert carbohydrate) for 28 days prior to a single 200 mg/kg dose 

of [14C]-nitrobenzene via gavage. Levels of metHb were monitored in the blood. Rats receiving cellulose-

containing diet had no metHb formed in the blood while those fed the pectin diet had elevated methHb 

levels.  

Hepatic microsomes and erythrocytes are also important sites of reduction of nitrobenzene to aniline, 

which produces reactive intermediates, including a nitro anion free radical, nitrosobenzene, a 

hydronitroxide free radical, phenylhydroxylamine, and a theoretical amino-cation free radical (Levin and 

Dent 1982; Reddy et al. 1976; Holder 1999). Some intermediates are reversible (i.e., aniline can oxidize 

back to nitrobenzene or any step in between). The nitro anion free radical may undergo a reverse reaction 

to reform nitrobenzene through nonenzymatic reactions with tissue oxygen. This so-called “futile loop” 

also generates a superoxide anion (Sealy et al. 1978), which may be dismutated to molecular oxygen and 

hydrogen peroxide by superoxide dismutase (Holder 1999; Mason and Holtzman 1975a, 1975b). These 

reactions forming superoxide and hydrogen peroxide may further perturb the local redox balance, 

potentially contributing to oxidative stress (Gutteridge 1995). Holder (1999) summarized the six one-

electron reduction steps of microsomal nitrobenzene reduction (Figure 3-6).  
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Figure 3-6. Mechanism of Microsomal Nitrobenzene Reduction. 

 

Source: Adapted from Holder 1999 

The scheme shows the production of reactive free radicals to form aniline, starting with a nitro anion free 

radical, which in turn is reoxidized to nitrobenzene with the formation of a superoxide anion. 

Alternatively, further nitroreduction to nitrosobenzene produces hydronitroxide free radical and further 

reduction to phenylhydroxylamine which may produce an amino cation free radical (Figure 3-6).  

Reduction of nitrobenzene by the one-electron reductive pathway is catalyzed by a type II (oxygen-

sensitive) nitroreductase, which has highest activity in the microflora of the intestinal tract of male 

Sprague-Dawley rats but is also active in other tissues (Figure 3-7). 



NITROBENZENE  91 
 

3. TOXICOKINETICS, SUSCEPTIBLE POPULATIONS, BIOMARKERS, CHEMICAL INTERACTIONS 
 
 

***DRAFT FOR PUBLIC COMMENT*** 

Figure 3-7. Type II Nitroreductase Activity of Male Sprague-Dawley Rats. 

 

Note: Results are expressed as pmol of reduced nilutamide (R-NH2) formed per milligram protein per minute (mean ± 
SEM; n ≥ 4). S.I. = small intestine; L.I. = large intestine. 

Source: Adapted from Ask et al. 2004. 

Nitrobenzene also undergoes reductive metabolism in erythrocytes, and the associated redox chemistry is 

of particular importance due to its association with nitrobenzene-induced methemoglobinemia. However, 

because in vitro incubation of RBCs with nitrobenzene alone does not result in the metHb formation 

(Facchini and Griffiths 1981), the cycling of the reductive products of nitrobenzene within RBCs cause 

oxyhemoglobin (oxyHb) to be formed to metHb (Figure 3-8).  
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Figure 3-8. Cycling of Nitrosobenzene and Phenylhydroxylamine in RBCs, 
Resulting in the Formation of metHb.  

 

Note: GSH = reduced glutathione, GSSG = oxidized glutathione; GS = glutathionyl conjugate.  
Source: Adapted from Holder (1999).  

Therefore, the cycling between phenylhydroxylamine and nitrosobenzene is the primary metabolic event 

in the formation of metHb. Reduction of nitrosobenzene to phenylhydroxylamine can occur 

nonenzymatically by endogenous reducing agents or enzymatically by NADH-cytochrome b5 reductase, 

thereby the redox cycle ended up with the overall expenditure of NADH and the accumulation of metHb 

(Maples et al. 1990). Nitrosobenzene has detrimental effect on metabolic balance of RBCs through its 

metabolism. That is the binding affinity of nitrosobenzene to the heme moiety of Hb is 14-fold higher 

than molecular oxygen (Eyer and Ascherl 1987). Another potential hazard of nitrosobenzene is its binding 

to peptides and proteins carrying cysteine residues, including Hb and reduced glutathione (GSH), which 

produces sulfhemoglobin (Eyer 1979). Furthermore, the excessive cycling of nitrosobenzene may result in 

an overall depletion of GSH. 

Maples et al. (1990) used ESR spin trapping technique in vivo in rats dosed with nitrobenzene to detect 

the formation of DMPO/hemoglobin thiol free radical adduct in blood. This study demonstrated that 
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nitrobenzene is metabolized to phenylhydronitroxide radical that oxidizes thiols within erythrocytes 

(Maples et al. 1990). Continuous recycling of phenylhydroxylamine and nitrosobenzene to these highly 

reactive moieties may lead to increased fragility of erythrocytes membranes and further damage in the 

spleen (CIIT 1993; Goldstein and Rickert, 1984).  

Various hepatic microsomal oxygenates from the cytochrome P450 family of enzymes can catalyze 

oxidation of nitrobenzene, forming p- and m-nitrophenols and derivative aminophenols, which are 

subsequently conjugated by phase II enzymes. Oxidation of nitrobenzene generally occurs via ring 

oxidation in a process that is generally slower than microsomal reduction of nitrobenzene. Subsequent 

conjugation to metabolites excreted in urine is discussed below in Section 3.1.4. Although N-

hydroxylation to nitroxides is a minor pathway of oxidation, it is potentially important toxicologically 

because of the nitroxide intermediates that can be formed (Blaauboer and Van Holsteijn 1983; Kiese 

1966; Mason 1982; Miller 1970; Verna et al. 1996; Weisburger and Weisburger 1973).  

3.1.4 Excretion 

The major route of excretion after oral exposure to nitrobenzene in humans and animals is urinary 

excretion of metabolites.  

In most cases of human poisoning, p-aminophenol and p-nitrophenol are the observed nitrobenzene 

metabolites excreted in the urine (Myslak et al. 1971; Von Oettingen 1941). Myslak et al. (1971) reported 

an extensive excretion of those metabolites in the urine of a subject who ingested about 50 mL of 

nitrobenzene. The level of nitrobenzene metabolites reached a maximum on day 2 (198 mg/day for p-

aminophenol) and 3 (512 mg/day for p-nitrophenol). Piotrowski (1967) examined the excretion rates of p-

nitrophenol in a volunteer after intake of a single oral dose of 5 mg p-nitrophenol and 30 mg 

nitrobenzene, separately. The excretion of p-nitrophenol after exposure to p-nitrophenol was very rapid; 

in contrast, excretion was slow after exposure to nitrobenzene (Figure 3-9). It is thought that the 

accumulation observed does not depend on the behavior of the metabolite but is due to the slow rate of 

metabolism of nitrobenzene. The initial half-time of elimination of p-nitrophenol after exposure to 

nitrobenzene was around 5 h, with a late-phase half-time of >20 h (estimated from Figure 3-9), while all 

p-nitrophenol was eliminated by 8 h when subjects were exposed to nitrophenol directly. (JK Piotrowski 

1967). 
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Figure 3-9. Excretion Rates (µg/hr) of p-Nitrophenol After Oral Intake of p-
Nitrophenol (I) and Nitrobenzene (II), as a Function of Time After Ingestion. 

 

Source: JK Piotrowski 1967. 

The excretion of nitrobenzene observed in urine was 50 ± 10% and in feces about 4% of the dose within 

24 h, increased to 65% and 15.5%, respectively in a week after a single oral administration of 25 mg 

[14C]nitrobenzene/kg of body weight in rats via gavage, appeared in the urine and in the. Collectively, 

about 80% of the dose are in the excreta in this study (Albrecht and Neumann 1985). As discussed in 

Section 3.1.3, Levin and Dent (1982) observed fecal, urinary, and exhalatory excretion of nitrobenzene 

metabolites in normal or antibiotic-treated male F344 rats after exposure to 225 mg/kg nitrobenzene 

(containing 0.1 μCi/mg [14C]-nitrobenzene via gavage with). Specifically, the recovery of the radiolabel 

in feces and expired air were 16.4 ± 2.2% and 2.3 ± 0.5% for control rats and 12.5 ± 3.6% and 3.4 ± 

1.5%, for antibiotic-treated animals, respectively. Freitag et al. (1982) observed the 7-day excretion of 

59.3% of the dose in the urine and 15.4% in the feces after 3-day oral exposure of male Wistar rats to 1 

mg nitrobenzene/kg body weight via stomach tube. Not all sources of elimination of label were measured 

(e.g., carbon dioxide in expired air), and 22.6% of the administered dose was not accounted for (Freitag et 

al. 1982).  

Rickert et al. (1983) compared the metabolism across species and strains through its excreted metabolites 

in male F344 and Sprague-Dawley rats, and male B6C3F1 mice in their experiment mentioned in section 
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3.1.1. The disposition of radiolabeled products among feces, urine, and expired air in animals housed in 

metabolic cages for 72 hours after dosing is shown in Table 3-5. Urine is shown as a primary route of 

excretion in all exposed groups. In rats, approximately 72- 88% of the administered dose was recovered in 

72 h, of which about 80% was in urine. In B6C3F1 mice, recovery (54%) appeared lesser than in two rat 

strains, of which about 35% in urine (compared with 57- 63% in rats at the same dose) and about 19% in 

feces (compared with 14% in rats). The degree of conjugation to different metabolites showed species and 

strain differences (Table 3-6). In F344 rats, all detectable nitrobenzene metabolites were sulfates, 

consistent with Levin and Dent (1982). On the other hand, Sprague-Dawley rats and B6C3F1 mice 

excreted both sulfate and glucuronide conjugates, in addition to unconjugated metabolites. Moreover, the 

urinary metabolite p-Aminophenol was only detected in mice. 

Similar results were found in other non-human species. In the giant chinchilla rabbit, Robinson et al. 

(1951) also reported urine as the major excretion pathway, with 45% of the radioactivity excreted in urine 

within 72 hours after oral exposure to a [14C]-nitrobenzene. Parke (1956) administered both [14C] labeled 

and unlabeled nitrobenzene at doses of 200 mg/kg and 250 mg/kg to rabbits by stomach tube and kept 

the animals in cages for 30 hours after dosing. Urine and feces were collected for up to 10 days, in 

addition to expired air. After 250 mg/kg oral administration, 78% of administered radioactivity was 

recovered from the body within 8 days; 1.6% was in exhaled air, 58% in urine, 12.2% in feces and in 

gastrointestinal tract contents. A fraction eliminated from the body in the expired air includes 0.5% (1.3 

mg) of unchanged nitrobenzene (up to 30 hours), a trace (<0.1%) of aniline, and 1% of the radioactivity 

of CO2; about 58% were excreted in urine as metabolites, including 31% of p-aminophenol and 9% each 

of m- and p-nitrophenols, 4 and 3% of m- and o-aminophenols, and other minor metabolites, and only 

<0.1% (0.25 mg) excreted as unchanged nitrobenzene; and 6 out of 9% of metabolites eliminated in the 

feces as p-aminophenol (up to 4–5 days) (Parke 1956). 

Table 3-5. Recovery of Radiolabel in F344 and Sprague-Dawley Rats and B6C3F1 
Mice 72 Hours After Exposure to a Single Oral Dose of [14C]-Nitrobenzenea 

 

Excretory 
product 

Percentage of dose recovered 

F344 rat Sprague-Dawley rat B6C3F1 
mouse 

225 mg/kg 
oral 

225 mg/kg 
i.p. 

22.5 mg/kg 
oral 

225 mg/kg 
oral 

22.5 
mg/kg oral 

225 mg/kg 
oral 

Urine  63.2 ± 2.1  56.8 ± 0.9  65.8 ± 2.4  60.8 ± 1.1  64.5 ± 0.8  34.7 ± 4.8  
Feces  14.2 ± 0.7  13.7 ± 1.8  21.4 ± 1.8b  11.8 ± 1.1  11.5 ± 0.1  18.8 ± 0.4b  
Expired air  1.6 ± 0.1  1.4 ± 0.1  1.0 ± 0.6  2.5 ± 0.3  0.8 ± 0.2  0.8 ± 0.1  
Total  79.0 ± 2.2  71.9 ± 2.6  88.2 ± 1.8b 75.1 ± 1.1  76.8 ± 1.0  54.3 ± 4.7b  
aValues are mean + SEM for three animals. 
bSignificantly different from F344 rats given 225 mg/kg orally. 
Source: Rickert et al. (1983). 
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Table 3-6. Urinary Excretion of Nitrobenzene Metabolites in Male Rats and Mice 
Gavaged with a Single Oral Dose of [14C]-Nitrobenzene 

 

Compound 
Free/ 

conjugate 

Percentage of dosea 

F344 rat (mg/kg) 
Sprague-Dawley rat 

(mg/kg) 

B6C3F1 
mouse 
(mg/kg) 

225 22.5 225 22.5 25 
p-
Hydroxyacetanilide  

Free  
–b – 1.3 ± 0.2 0.9 ± 0.2 0.4 ± 0.0 

 Glucuronide  – – 1.8 ± 0.6 1.1 ± 0.1 3.1 ± 0.3 
 Sulfate  19.0 ± 0.9 19.8 ± 2.8 5.8 ± 1.2 1.7 ± 0.9 0.4 ± 0.1 
p-Aminophenol  Free  – – – – 0.1 ± 0.1 
 Glucuronide  – – – – 0.2 ± 0.2 
 Sulfate  – – – – 9.4 ± 1.3 
p-Nitrophenol  Free  – – 2.2 ± 0.6 0.7 ± 0.2 0.8 ± 0.1 
 Glucuronide  – – 0.5 ± 0.1 0.6 ± 0.0 0.1 ± 0.1 
 Sulfate  19.9 ± 1.1 23.3 ± 2.1 10.3 ± 2.9 5.6 ± 1.8 6.3 ± 1.1 
m-Nitrophenol  Free  – – 1.2 ± 0.4 0.4 ± 0.1 0.1 ± 0.1 
 Glucuronide  – – 0.5 ± 0.2 0.5 ± 0.1 – 
 Sulfate  10.2 ± 0.6 11.6 ± 1.4 6.2 ± 1.7 3.8 ± 1.2 6.1 ± 1.2 
Unidentified peak I  Total  9.8 ± 0.7 9.0 ± 0.5 25.3 ± 1.2 31.1 ± 2.1 4.8 ± 0.7 
Unidentified peak II  Total  – – 5.7 ± 4.0 16.4 ± 5.6 2.6 ± 0.2 

aValues are means ± standard error of the means for three animals/group over a 72-hour period.  
b– = not detected. 
Source: Rickert et al. (1983). 
 
As discussed in section 3.1.1, Ikeda and Kita (1964) measured the urinary excretion of p-nitrophenol and 

p-aminophenol in a woman who was exposed to nitrobenzene, primarily by inhalation, in an occupational 

setting for 17 months. The rate of excretion of these two metabolites was similar and paralleled the level 

of metHb in blood. However, Salmowa et al. (1963) detected p-nitrophenol, but not p-aminophenol, in the 

urine of human research subjects (7 volunteers) exposed to 1-6 ppm nitrobenzene via inhalation for 6 

hours with diverse and dose dependent urinary excretion rates which varied between individuals. 

Although, p-nitrophenol could be detected for as long as 100 hours after exposure to 6 ppm, rapid 

excretion was observed in the first two hours which was then followed by a steady state excretion rate 

(Salmowa et al. 1963).  

Piotrowski (1967) exposed four males to nitrobenzene at 10 mg/m3 via inhalation for 6 h per day several 

days. On average, 16% of the absorbed dose was excreted in the urine as p-nitrophenol with the rate of 

excretion increasing for the first few days on repeated exposure followed by steady state starting on the 

third day. The excretion plateaued by the fourth day. The urinary p-nitrophenol level was only about 40% 

of the peak value in first day (JK Piotrowski 1967). A case of 17-month occupational exposure of a 47-

year-old woman to nitrobenzene found p-nitrophenol and p-aminophenol (1 to half of p-nitrophenol) in 

the urine, which were gradually eliminated over 2 weeks (Ikeda and Kita 1964).  
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As described in section 3.1.1, Piotrowski (1967) investigated dermal exposure to nitrobenzene vapor in 

the air. At 1 ppm, about 8 mg is absorbed through the skin and about 20% is excreted as p-nitrophenol in 

the urine the first day (section 3.1.1). Feldmann and Maibach (1970) applied [14C]-labeled nitrobenzene 

dissolved in acetone to the forearm skin of six subjects. After 5 days of exposure, 1.5 ± 0.84% of the 

applied dose or about 58% of the absorbed dose was excreted in urine. The authors observed 60.5% of the 

radioactive label in the urine by 20 hours after intravenous administration of [14C]-nitrobenzene 

(Feldmann and Maibach 1970). 

3.1.5  Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

PBPK models use mathematical descriptions of the uptake and disposition of chemical substances to 

quantitatively describe the relationships among critical biological processes (Krishnan et al. 1994). PBPK 

models are also called biologically based tissue dosimetry models. PBPK models are increasingly used in 

risk assessments, primarily to predict the concentration of potentially toxic moieties of a chemical that 

will be delivered to any given target tissue following various combinations of route, dose level, and test 

species (Clewell and Andersen 1985). Physiologically based pharmacodynamic (PBPD) models use 

mathematical descriptions of the dose-response function to quantitatively describe the relationship 

between target tissue dose and toxic endpoints. 

A PBPK/PD model has not yet been developed and validated for nitrobenzene. To date, the only available 

model is a biophysically based kinetic (BPBK) model of chemical absorption across human skin 

developed by Guy et al. (1985) and applied to the penetration kinetics of 12 chemicals, including 

nitrobenzene (Figure 3-10). The first-order linear kinetics was modeled, including rate constants 

describing penetrant diffusion through the stratum corneum (k1); further transport across the viable 

epidermal tissue to the cutaneous blood vessels (k2); affinity of the penetrant for the stratum corneum over 

the viable tissue(k3); and the elimination rate of chemical from blood to urine (k4). Values of k1 and k2 

were previously determined for a different chemical and molecular weight corrections were applied for 

nitrobenzene, while k4 values alongside F (fraction of the total applied dose that is recovered in the urine) 

were experimentally measured (Feldmann and Maibach, 1970). k3 was obtained by fitting the model 

prediction to the experimental data. The model also estimated ratio k3/k2 for an effective partition 

coefficient of the chemical between stratum corneum and viable tissue, assuming the possible assessment 

from the corresponding octanol-water partition coefficients. The model resulted in the best fit between the 

experimental data and the prediction of the model (Figure 3-11). This BPBK model presents the valid 

prediction of the general percutaneous absorption kinetics of nitrobenzene. 
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Figure 3-10. Schematic Representation of the Pharmacokinetic Model  
(Guy et aI. 1982) 

 
Figure 3-11. Comparison Between Experimental Data (Noncontinuous Line) 
(Feldmann and Maibach, 1970) and Theoretical Prediction (Broken Line) of 

Nitrobenzene Based Upon Rate Constants Given in Table 1 from Guy et al. (1985) 
 

 
Source: Guy et al. 1985. 

 

3.1.6 Animal-to-Human Extrapolations 

Nitrobenzene is very lipid-soluble compound. In the rat, the ratio of the concentration of nitrobenzene in 

adipose tissue to that in the blood was 10:1 an hour after an intravenous dose (Piotrowski 1977). Half of 

the compound had accumulated unchanged in rabbit tissues within 2 days after intubation of 0.25 ml oral 

dose of nitrobenzene (Dorigan and Hushon 1976). Nitrobenzene appears to be cumulative, remaining in 

the human body for about 2-4 days (JK Piotrowski 1967; Piotrowski 1977). Two major metabolites, p-

aminophenol and p-nitrophenol, have also been shown persistent in urine of patients after poisoning. Only 

20 or 30% of nitrobenzene dose was excreted as its metabolites from humans in the urine (Piotrowski 

1977). The slow rate of nitrobenzene metabolism in humans leads to increase in excretion of p-
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nitrophenol in urine 2.5 times at about 4 days of exposure. The urinary excretion half-life of p-nitrophenol 

from humans was around 60 h (Salmowa et al. 1963) and 84 h in females after a single dose of 

nitrobenzene (Myslak et al. 1971). The excretion rate of nitrobenzene metabolites paralleled the level of 

metHb in human blood (Ikeda and Kita 1964).  

Nitrobenzene is capable of converting hemoglobin to metHb. The current understanding of the 

responsibility of the nitrobenzene reduction products, including nitrosobenzene, phenylhydroxylamine, 

and aniline, in the formation of metHb from Hb causing methemoglobinemia is discussed above. It is of 

great interest to consider the potential of such agents to cause metHb formation in human red blood cells 

(RBC) and interspecies susceptibilities with regard to metHb formation in the hope of finding an animal 

model with sensitivities similar to those of the human (Table 3-7) (Calabrese 1991).  

Table 3-7. Spontaneous MetHb Reductase Activity of Mammalian Erythrocytesa 

 
 Activity in Species/Activity in Humans 

References 
 
Species 

Smith and 
Beutler, 1966 Malz, 1962 

Kiese and 
Weis, 1943 

Robin and 
Harley, 1966 

Stolk and 
Smith, 1966 

Pig 0.37 0.37  0.09  
Horse 0.75 0.5  0.64  
Cat  0.5 0.85 1.2 1.0 
Cow 0.8 0.75  1.1  
Goat 1.1 0.75   1.0 
Dog  0.88 1.4 1.3  
Sheep 1.4 1.0  2.1 5.0 
Rat  1.4 1.3 1.9 4.5 
Guinea pig  1.2 2.4 1.9 7.5 
Rabbit  3.5 3.3 3.8 9.5 
Mouse      

aData from various investigators using nitrated red cells with glucose as a substrate have been normalized by making 
a ratio of the activity of the species to the activity in human red cells.  
Source: Calabrese 1991. 
 

3.2 CHILDREN AND OTHER POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

This section discusses potential health effects from exposures during the period from conception to 

maturity at 18 years of age in humans. Potential effects on offspring resulting from exposures of parental 

germ cells are considered, as well as any indirect effects on the fetus and neonate resulting from maternal 

exposure during gestation and lactation. Children may be more or less susceptible than adults to health 

effects from exposure to hazardous substances and the relationship may change with developmental age.  

This section also discusses unusually susceptible populations. A susceptible population may exhibit 

different or enhanced responses to certain chemicals than most persons exposed to the same level of these 
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chemicals in the environment. Factors involved with increased susceptibility may include genetic 

makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke). 

These parameters can reduce detoxification or excretion or compromise organ function.  

Populations at greater exposure risk to unusually high exposure levels to nitrobenzene are discussed in 

Section 5.7, Populations with Potentially High Exposures.  

Populations that are considered unusually susceptible to nitrobenzene toxicity are those groups that are 

susceptible to methemoglobinemia. The first 6 months of postnatal life is a period of increased 

susceptibility to methemoglobinemia (termed infantile methemoglobinemia or blue baby syndrome) due 

to a number of factors (Goldstein et al. 1969; Greer and Shannon 2005; Von Oettingen 1941): 

• Fetal hemoglobin, which remains in the blood for some time after birth, is more prone to 

conversion to metHb than is adult hemoglobin. 

• Levels of NADH-dependent methemoglobin reductase (the major enzyme responsible for 

reduction of methemoglobin to normal hemoglobin) in the newborn increase approximately 2-

fold during the first 4 month of postnatal life to reach adult levels. 

• Umbilical cord blood is deficient in the enzyme glucose-6-phosphate dehydrogenase and thus 

cannot readily convert the metHb that is formed "naturally" back to hemoglobin as is readily done 

in adults. 

Additionally, a condition described as "hereditary methemoglobinemia" may result from a genetic defect 

(Goldstein et al. 1969). The enzyme metHb reductase is absent and persons are hypersensitive to any 

substances such as nitrite or aniline derivatives capable of producing methemoglobinemia. The trait is 

inherited as an autosomal recessive allele. Thus, either sex may exhibit the trait which is ordinarily 

detected by the presence of cyanosis at birth. Such individuals would be extremely sensitive to the effects 

of nitrobenzene. 

A more common genetic defect was also described in which the enzyme glucose-6-phosphate 

dehydrogenase has decreased activity (Goldstein et al. 1969). The pattern of inheritance of this trait is 

linked to one of several alleles on the X chromosome. The phenotype is expressed as an incomplete 

dominant trait. Thus, female heterozygotes are not known to have severely depressed enzyme levels and 

males may have a wide range of activity. These phenotypes express a wide range of levels of glucose-6-

phosphate dehydrogenase enzyme in the red blood cell. This defect is ordinarily without adverse effects. 

It is only when these individuals are challenged with compounds that oxidatively stress erythrocytes (such 

as primaquine) that there is a hemolytic response. Reactors to primaquine (and fava beans) are found 
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predominantly among groups that live in or trace their ancestry to malaria-hyperendemic areas such as the 

Mediterranean region or Africa. The incidence of "primaquine sensitivity" among Kurds, a Middle 

Eastern population, is 53%. Among black Americans, the incidence is 13%. Thus, individuals already 

exhibiting primaquine sensitivity would be expected to be more vulnerable to the additional hemolytic 

crisis that often follows 5 to 6 days after nitrobenzene exposure (Gosselin et al. 1984; Von Oettingen 

1941).  

The presence of susceptible populations in the workplace is obviously of great concern since chronic and 

potentially high levels of exposure to nitrobenzene combined with a genetic predisposition toward 

methemoglobinemia can put certain individuals at very high risk (Linch 1974). People who have 

preexisting or underlying diseases, such as anemia, cardiovascular disease, lung disease, sepsis, or 

abnormal Hb species (for example, carboxyhemoglobin, sulfhemoglobin, or sickle cell Hb), maybe at 

greater risk of developing the chemically induced methemoglobinemia at much lower levels of exposure 

to nitrobenzene (Lewis R. Goldfrank et al. 1998). 

In addition, external factors such as medications and exposure to xenobiotics from the environment can 

also cause methemoglobinemia. Nitrite-based medications which are widely used to treat angina and other 

cardiac related problems can cause methemoglobinemia and are reported as a complication of the 

therapeutic use of these drugs (Bojar et al. 1987; Marshall 1980). Self-administration of local anesthetic 

drugs like benzocaine have also been known to cause this condition (Nappe et al. 2015). 

Dapsone, a commonly used anti-inflammatory for treating infections has severe side effects including 

methemoglobinemia and patients are often recommended to use pulse oximeter to monitor blood oxygen 

levels regularly (Ashurst et al. 2010; Mahmood et al. 2019; Toker et al. 2015). Acquired 

methemoglobinemia can also be caused by malaria medication (Kudale 2014).  

 

3.3 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as biomarkers of exposure, biomarkers of effect, and biomarkers of susceptibility 

(NAS/NRC 1989).  

The National Report on Human Exposure to Environmental Chemicals provides an ongoing assessment 

of the exposure of a generalizable sample of the U.S. population to environmental chemicals using 

biomonitoring (see http://www.cdc.gov/exposurereport/). If available, biomonitoring data for 

Nitrobenzene from this report are discussed in Section 5.6, General Population Exposure.  
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A biomarker of exposure is a xenobiotic substance or its metabolite(s) or the product of an interaction 

between a xenobiotic agent and some target molecule(s) or cell(s) that is measured within a compartment 

of an organism (NAS/NRC 1989). The preferred biomarkers of exposure are generally the substance 

itself, substance-specific metabolites in readily obtainable body fluid(s), or excreta. Biomarkers of 

exposure to nitrobenzene are discussed in Section 3.3.1.  

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that (depending on magnitude) can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989). This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 

capacity. Note that these markers are not often substance specific. They also may not be directly adverse, 

but can indicate potential health impairment (e.g., DNA adducts). Biomarkers of effect caused by 

nitrobenzene are discussed in Section 3.3.2.  

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance. It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response. If biomarkers of susceptibility exist, they are 

discussed in Section 3.2, Children and Other Populations that are Unusually Susceptible.  

3.3.1 Biomarkers of Exposure 

Levels of nitrobenzene in blood reflect recent exposure. In the latest National Health and Nutrition 

Examination Survey (NHANES) 2011-2014 subsamples, nitrobenzene was not detected (LOD 0.32 

ng/mL) (CDC 2021b). However, metabolism of nitrobenzene to p-nitrophenol and p-aminophenol in 

humans is well known, and the presence of metabolites in the urine can be used to indicate exposure to 

nitrobenzene (Ikeda and Kita 1964; JK Piotrowski 1967). About 10 to 20 percent of a dose is eliminated 

in the urine as p-nitrophenol, which is used in biological monitoring of occupational exposures. A smaller 

fraction of a dose is eliminated in urine as p-aminophenol (Astier 1992; IARC 1996).  

Urinary levels of p-nitrophenol and aminophenol reflect recent exposure to nitrobenzene. However, only 

levels of p-nitrophenol were reported in urine of U.S. population in the NHANES in 1999-2000, 2001-

2002, 2007-2008, 2009-2010, 2011-2012 and 2013-2014. In 1999-2000 and 2001-2002, levels of urinary 

p-nitrophenol were reported as 4.25 (2.15-10.2) and 2.98 (2.6-3.33) µg/g creatinine at the 95th percentile 

(95% CI) in total population, respectively (CDC 2021a). In 2007-2008 and 2009-2010, geometric mean 

(95% CI) of urinary p-nitrophenol in total population was 0.692 (0.632-0.757) and 0.473 (0.430-0.521) 
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µg/g creatinine; and 95th percentile was 3.57 (2.94-4.39) and 2.62 (2.32-2.91) µg/g creatinine (CDC 

2021a). In 2011-2012 and 2013-2014, geometric mean (95% CI) of urinary p-nitrophenol in total 

population was 0.679 (0.614-0.750) and 0.694 (0.653-0.737) µg/g creatinine; and 95th percentile was 

2.97 (2.51-3.45) and 3.04 (2.63-3.38) µg/g creatinine (CDC 2021b). Those levels are similar or slightly 

lower than those in a nonrandom subsample of NHANES III (1988-1994) participants (CDC 2009; Hill et 

al. 1995), and those in a small number of samples from two geographically distinct U.S. population 

(Olsson et al. 2003) and in 482 pregnant females from an agricultural region of California (Eskenazi et al. 

2004). The median levels of urinary p-nitrophenol (1.08 µg/g creatinine in 2013-2014) and geometric 

mean levels (1.09 µg/g creatinine in 2013-2014) are highest in children aged 6-11 years old.  

The limitation of using these metabolites as biomarkers of exposure, however, is that they are non-

specific. P-nitrophenol is a metabolite of nitrobenzene and other insecticides such as methyl parathion, 

ethyl parathion, and O-ethyl-O-(4-nitrophenyl) phenylphosphonothioate. Children aged 2.5 to 5.5 (n = 13) 

from an agricultural region of Washington State were observed to have mean levels of urinary p-

nitrophenol at 12.8 µg/g  after organophosphate exposure (Kissel et al. 2005). Childhood and adult 

residents from where methyl parathion was applied indoors in the late 1990s had urinary levels of p-

nitrophenol as high as 21,000 µg/g creatinine and 3,415µg/g p-nitrophenol (levels reported by NHANES 

in 1999-2000 were below the limit of detection of 0.8 µg/L), and many were symptomatic (Barr et al. 

2002; CDC 2021a; McCann et al. 2002; Rubin et al. 2002). P-aminophenol is a urinary metabolite of 

aniline (Kao et al. 1978; McCarthy et al. 1985; Parke 1956; Robinson et al. 1951) and N-acetyl p-

aminophenol (Newton et al. 1982; Chang et al. 1993). Measurement of p-nitrophenol and p-aminophenol, 

therefore, should not be used to determine the level of nitrobenzene exposure. 

Methemoglobinemia can also indicate exposure to nitrobenzene. The nitrobenzene metabolites, 

nitrosobenzene and phenylhydroxylamine, have been found to bind with hemoglobin in the blood of 

orally exposed mice and rats could also be used as biomarkers of exposure (Goldstein and Rickert 1984). 

The presence of these hemoglobin adducts in human blood may also serve as a potential biomarker of 

exposure to nitrobenzene, although they are difficult to quantify, and assays are expensive.  

Fast, sensitive, accurate and reproducible methods to quantify hemoglobin adducts using liquid 

chromatography have been established by Zhang et al. (2008). Albrecht & Neumann (1985) suggested a 

means of biological exposure monitoring for nitrobenzene that detects aniline by GC after hydrolysis of 

hemoglobin adducts. This approach is able to determine the aniline cleavage product in the nanogram 

range (0.01 ng absolute). The advantages of this method in the measurement of metHb are its high 

sensitivity and the stability of hemoglobin adducts over time, which may allow the method to estimate 

cumulative exposure over weeks to months. Rats metabolize nitrobenzene at different rates compared 
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humans. An in vitro study in rat and human erythrocytes incubated with 0.37 mmol/L nitrosobenzene 

found 3–4 times as much hemoglobin adduct formed in rats compared to humans. Measurement of 

hemoglobin adducts as a potent indirect measure of macromolecular damage that leads to critical toxicity 

in other potential target tissues may be used as an internal dosimeter of exposure to nitrobenzene 

(Neumann 1988). As the metabolism that predisposes the binding may vary individually, the method has 

the potential to account for individual susceptibility. 

3.3.2 Biomarkers of Effect 

The presence of methemoglobinemia can indicate exposure to nitrobenzene as well as to any of several 

other toxic substances. In cases of methemoglobinemia, a systemic adverse health outcome, caused by 

nitrobenzene exposure via ingestion, inhalation or dermal routes. Nitrobenzene exposure affects 

hemoglobin by converting the iron component from the ferrous state to the ferric state (oxidized) resulting 

in abnormally high levels of methemoglobin, which is not capable of releasing oxygen to the tissues of 

the body. MetHb occurs naturally in people, at levels around 1 to 4 percent in blood (Klaassen 2019). 

However, chemicals like nitrobenzene increase the amount of metHb present, lowering oxygen capacity, 

and causing hypoxia that causes cyanosis, fatigue, weakness, dyspnea, headache, and dizziness. A distinct 

cyanosis or slate-blue coloration is noted at 15-20% metHb in blood, while at 30-50% levels, the patient 

becomes symptomatic, with lethargy, vertigo, headache, and weakness: with modest depression of the 

cardiovascular and CNS while at greater than 60%, develops stupor and respiratory depression and needs 

immediate treatment (Goldfrank et al. 1998). In the otherwise healthy person, cyanosis may be clinically 

evident with a methemoglobin as low as 10%. The classic appearance of "chocolate brown blood" can be 

present at as low as 15% methemoglobin levels (Ludlow et al. 2021). As the percentage of 

methemoglobinemia approaches 20%, the patient may experience anxiety, light-headedness, and 

headaches. At methemoglobin levels of 30-50%, there may be tachypnea, confusion, and loss of 

consciousness. Approaching 50%, the patient is at risk for seizures, dysrhythmias, metabolic acidosis, and 

coma. Levels above 70% are often fatal (Ludlow et al. 2021). 

 

3.4 INTERACTIONS WITH OTHER CHEMICALS 

Smyth et al. (1969) demonstrated synergism between orally administered nitrobenzene and six other 

common industrial compounds in rat studies using death (oral LD50) as the endpoint. The combinations 

of chemicals showed increased lethality that varied from 20 to 47%. The compounds were: formalin, 

20%; butyl ether, 28%; aniline, 32%; dioxane, 39%; acetone, 47%; and carbon tetrachloride, 47% (Smyth 

Jr. et al. 1969). 
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Alcohol also has the potential for enhancing the toxicity of nitrobenzene; however, the toxicokinetic 

mechanism is not known. It is clear, however, that alcohol does not simply enhance the absorption of 

nitrobenzene. When alcohol was given orally and nitrobenzene is given intravenously, there was 

increased toxicity in rabbits. Alcohol also enhanced the neural toxicity of nitrobenzene in rabbits when 

nitrobenzene was applied to the skin (Matsumara and Yoshida 1959). 

In addition, there are several other chemicals which operate through a similar mechanism of action in 

causing increases in methemoglobin such as nitrates and nitrites. Exposure to multiple methemoglobin 

inducing agents would likely increase the risk of an adverse outcome.  

The ethanol extract of Euphobia hirta is a suggested antioxidant against nitrobenzene-induced 

nephrotoxicity (Suganya et al. 2011).
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